For many non-malignant hematological disorders, HLA-matched bone marrow transplantation (BMT) is curative. However, due to lack of neoplasia, the toxicity of stringent conditioning regimens is difficult to justify, and reduced-intensity conditioning is used. Unfortunately, current reduced-intensity regimens have high rates of BMT rejection. We have recently reported in a murine model that mHAs on transfused platelet products induce subsequent BMT rejection. Most non-malignant hematological disorders require transfusion support prior to BMT and the rate of BMT rejection in humans correlates to the number of transfusions given. Herein, we perform a mechanistic analysis of platelet transfusion induced BMT rejection and report that unlike exposure to alloantigens during transplantation, platelet transfusion primes alloimmunity but does not stimulate full effector function. Subsequent BMT is itself an additional and distinct immunizing event, which does not induce rejection without antecedent priming from transfusion. Both CD4 + and CD8 + T cells are required for priming during platelet transfusion, but only CD8 + T cells are required for BMT rejection. In neither case are antibodies required for rejection to occur.
Introduction
Bone marrow transplantation (BMT) is currently the only effective cure for a variety of nonmalignant hematological disorders including aplastic anemia, β-thalassemia, sickle cell disease, fanconi anemia and others (1) (2) (3) (4) (5) (6) . Patients with non-malignant hematological disorders typically receive an HLA-matched BMT under reduced intensity conditions (2, 6, CD4 and CD8 depletion CD4 + cells were depleted using anti-CD4 (clone: GK1.5) depleting antibody purchased from Bio X Cell (West Lebanon, NH), while CD8 + cell depletion was performed utilizing anti-CD8β depleting antibody (clone: H35) generously provided by Dr. Aron Lukacher (Emory University, GA). Isotype control antibodies Rat IgG2 b and whole molecule Rat IgG were purchased from Bio X Cell and Jackson Laboratories, respectively. Antibodies were injected i.p. using 250 µg of CD4 depleting antibody or Rat IgG2 b (CD4 depleting antibody's isotype control), or 1 mg of CD8β depleting antibody or Rat IgG (CD8β depleting antibody's isotype control). Two antibody injections were given, one day apart.
BMT and In Vivo Survival of BALB.B Spelnocyte Targets was carried out as previously described (20) 
Seroanalysis: Indirect Immunofluorescence Staining
Sera was diluted 1:10 in FACS buffer and incubated with BALB.B splenocyte or platelet targets for 30 minutes at 4°C, followed by APC goat anti-mouse Igs (1:100). Alloantibodies were detected as previously described (20) .
Statistics
Statistical analysis was performed using one-way ANOVA with Dunnett's post-test and column statistics. Significance was determined by a P value less than 0.01.
Results

Both CD4 + T cells and CD8 + T cells are required for alloimmunization to mHAs on transfused platelets
To test the respective roles of CD4 + and CD8 + T cells in rejection of an MHC-matched BMT in LR-PLT transfused recipients, we made use of our previously described model of MHC-matched:mHA-mismatched BMT (20) . In this system, C57BL/6J (H-2 b ) recipients are transfused twice, a week apart, with BALB/c (H-2 d ; MHC-and mHA-mismatched) LR-PLT concentrates ( Figure 1A ). One week after the second transfusion, recipients are given a BALB.B (H-2 b ; mHA-mismatched) BMT under reduced intensity conditions. The BM donors and recipients are MHC-matched (both H-2 b ) but mHA-mismatched (C57BL/6 vs. BALB backgrounds), and the platelet donors share mHAs (but not MHC) with the BM donors. Rejection does not occur unless BMT recipients have been previously transfused (transfusion of syngeneic LR-PLT does not induce rejection) (20) . Thus, rejection is likely due to antecedent exposure to mHAs on the platelet being processed and presented by recipient APCs and thus inducing alloimmunity against mHAs also carried by stem cells.
Experimental groups consisted of injecting antibodies that deplete CD4 + cells (clone: GK1.5) or CD8β + cells (clone: H35) after LR-PLT transfusions but prior to BMT. To assess non-specific effects of antibody injection, control animals received the corresponding Rat IgG2 b or Rat IgG isotype control antibodies. Because the CD4 and CD8β depleting antibodies can potentially mask the epitope binding site utilized to visualize the cell subsets by flow cytometry, and thus can result in an artificial detection of CD4 + or CD8 + T cell depletion, anti-CD4 (clone: RM4-5) and anti-CD8α (clone: 53-6.7) antibodies recognizing epitopes distinct from the depleting antibodies were utilized, respectively. Almost complete deletion of CD4 + or CD8 + cells was observed with no depletion observed using control antibodies (representative animals shown in Figure 1B ). Analysis of representative animals demonstrated there were no detectable CD4 + or CD8 + T cells in the spleen, BM, or peripheral lymph nodes, thus indicating that monitoring depletion in the peripheral blood reflects elimination in secondary lymphoid and hematopoietic compartments (data not shown).
Engraftment was assessed six weeks post BMT using the CD229 congenic markers ([CD229.1-donor] and [CD229. 2-recipient] ). The results from three combined experiments demonstrated that 13/15 (86%) of the BALB/c LR-PLT transfused recipients treated with CD8β depleting antibody engrafted the BALB.B BMT ( Figure 1C ). In addition, the combined data of three experiments showed that 15/15 (100%) of the BALB/c LR-PLT transfused recipients treated with the CD4 depleting antibody engrafted the BALB.B BMT ( Figure 1C ). Prevention of rejection by CD4 + or CD8 + depletion was not the result of nonspecific effects, as BALB.B BMT rejection was observed in 13/15 (86%) of recipients treated with the Rat IgG2 b or Rat IgG control antibodies ( Figure 1C ). Likewise, the failure to reject the BALB.B BMT was not due to excessive conditioning, as 13/15 (86%) of the naïve recipients engrafted the BALB.B BMT ( Figure 1C ). Together, these data indicate that both CD4 + and CD8 + cells are required for platelet transfusion induced BMT rejection.
Both CD4 + and CD8 + cells are required for generation of mHA specific alloimmunity mHA specific alloimmunity was analyzed in the above defined experimental groups. The presence of donor reactive antibodies was tested through an indirect immunofluorescence staining using BALB.B splenocyte and platelet targets and flow cytometry. Responders to BALB mHAs were defined as having a mean fluorescence intensity (MFI) exceeding two standard deviations above the mean of the background naïve recipients. No statistically significant anti-BALB alloantibodies were detected above the background naïve recipients using either BALB.B splenocyte or platelet targets ( Figure 2A ). Likewise, no significant differences were observed between recipients treated with CD4 or CD8β depleting antibodies, or the corresponding isotype control antibody treated groups (Figure 2A ). The absence of anti-BALB antibody detection was not due to the inability to detect target bound antibodies using the indirect immunofluorescence staining assay, as anti-BALB antibodies were detected in the sera from positive control animals that were humorally immunized against BALB mHAs ( Figure 2A ).
The ability of alloimmune effector mechanisms to directly kill target cells expressing BALB mHAs was tested using an in vivo survival assay. Target cells (BALB.B splenocytes) were labeled with the fluorescent dye CFDA, injected into recipient mice, and survival was monitored by enumerating surviving cells in the recipient spleen by flow cytometry approximately eighteen hours post infusion. To control for non-specific clearance of the infused targets, syngeneic C57BL/6J splenocyte targets were labeled with a different concentration of CFDA and were co-injected with BALB.B splenocyte targets. BALB.B splenocyte targets were normalized to C57BL/6J splenocyte targets to control for differences in injection and splenic processing. Representative histograms are shown for detection of in vivo clearance.
The combined results from three experiments demonstrated that neither the CD4 depleted (1/15 mice) nor the CD8 depleted animals (0/13 mice) that had failed to reject BMT had significant clearance of mHA targets ( Figure 2B ). In contrast, the control animals receiving non-specific antibody injection, and which rejected the BMT, had strong clearance of the mHA expressing targets (12/13 mice and 13/13 mice) ( Figure 2B ). Together, these data indicate that both CD4 + and CD8 + cells are required for the generation of mHA specific alloimmunity capable of eliminating mHA expressing targets.
CD8 + T cells but not CD4 + T cells are required for BMT rejection
Because the above measures of alloimmunity were performed after exposure to mHAs both during platelet transfusion and during BMT, it was unclear to what extent each process contributed to the alloimmunity that develops. Exposure to mHAs on transfused platelets appears to be required, as neither naïve mice nor mice receiving syngeneic transfusions reject BMT (20) . However, we have also previously reported that in vivo clearance of mHA expressing targets is variable when measured after platelet transfusion (but prior to BMT) and does not statistically predict BMT rejection (20) . In contrast, the current findings and our previous experiments demonstrate that in vivo clearance of donor targets approaches roughly 100% after BMT rejection (20) . Combined, these data suggest that LR-PLT transfusions prime recipients for a donor mHA alloresponse that differentiates into to a full effector alloresponse during the BMT.
In the above context, the lack of either rejection or in vivo clearance after CD4 + depletion (see figure 2 ) is equally consistent with either CD4 + T cells being direct lytic effectors or CD4 + T cells providing help for development of CD8 + cytolytic T lymphocytes (CTL). To distinguish between these two scenarios, we generated an experimental design that allowed re-transplantation studies. C57BL/6J (H-2 b ) recipients were transfused two times with BALB/c (H-2 d ; MHC-and mHA-mismatched) LR-PLT concentrates and were then given a BMT from (BALB.B x C57BL/6J) F 1 donors under reduced intensity conditions ( Figure  3A ). Engraftment was measured six weeks later using the CD229 congenic markers. The results from three independent experiments demonstrated that 64/76 (84%) of the BALB/c LR-PLT transfused recipients rejected the (BALB.B x C57BL/6J) F 1 BMT ( Figure 3B ). Failure to engraft was not due to insufficient conditioning or poor BMT as 15/15 (100%) of the naïve recipients engrafted the (BALB.B x C57BL/6J) F 1 BMT ( Figure 3B ).
The mice were then subjected to depletion studies as above (see Figure 3A for experimental design). One day after the second treatment, CD4 + or CD8 + T cell depletion was confirmed by measuring depletion in the peripheral blood ( Figure 3C ). In addition, representative animals were sacrificed and essentially complete depletion was observed in the spleen, lymph nodes and BM (data not shown). After depletion, recipients then received a second BMT with (BALB.B x B6 Thy1.1) F 1 donors, differing from the first donors only by the Thy1.1 antigen. Six weeks later, BMT engraftment was assessed using the T cell congenic markers Thy1.2 (recipient) and Thy1.1 (donor). In this way, both BMTs carried the relevant mHAs of the BALB background, but engraftment of the second transplant (Thy1.1 + ) could be distinguished from any residual hematopoietic activity from the first BMT.
The data from three combined experiments demonstrated that 15/17 (88%) of the BALB/c LR-PLT transfused recipients that rejected the first MHC-matched BMT engrafted a second (BALB.B x B6 Thy1.1) F 1 BMT upon treatment with the CD8β depleting antibody ( Figure  3B and 3D). This was similar to control untransfused mice, in which 15/15 (100%) mice that engrafted the first (BALB.B x C57BL/6J) F 1 BMT also engrafted the second (BALB.B x B6 Thy1.1) F 1 BMT ( Figure 3B and 3D) . The inability to reject the second (BALB.B x B6 Thy1.1) F 1 BMT in the CD8β depleting antibody treated recipients was not due to nonspecific immunomodulating effects of the depleting antibody, as 12/13 (92%) of the BALB/c LR-PLT transfused recipients that rejected the first BMT also rejected the second (BALB.B x B6 Thy1.1) F 1 BMT in the presence of the Rat IgG isotype control antibody ( Figure 3B and 3D) . In contrast to CD8 depletion, 17/17 (100%) of the recipients that rejected the first BMT also rejected the second (BALB.B x B6 Thy1.1) F 1 BMT despite depletion of CD4 + cells ( Figure 3B and 3D ). This is also in contrast to depletion after transfusion but prior to BMT (see figure 1 ).
BALB mHA specific alloimmunity in recipients after the outcome of the second BMT was determined by measuring both donor reactive antibodies and in vivo survival of BALB.B splenocyte targets. Donor reactive antibodies were detected through indirect immunofluorescence staining using BALB.B splenocyte and platelet targets. Responders were defined as having a MFI exceeding two standard deviations above the mean of the background naïve recipients. No statistically significant differences in anti-BALB alloantibodies were observed in any groups above the background naïve recipients ( Figure  4A ). Likewise, no statistically significant differences were observed between recipients treated with the CD4 or CD8β depleting antibodies, and the corresponding isotype control treated groups ( Figure 4A ).
In vivo target survival studies were performed as above using BALB.B splenocyte targets and control C57BL/6J splenocyte targets. The combined results from three independent experiments demonstrated that 15/17 (88%) of the recipients that engrafted the second MHC-matched BMT upon treatment with the CD8β depleting antibody failed to clear the BALB.B splenocyte targets in vivo ( Figure 3D and 4B) . In contrast, in vivo clearance of BALB.B splenocyte targets was detected in 16/17 (94%) of the CD4 depleting antibody treated recipients that rejected the second MHC-matched BMT ( Figure 3D and 4B) .
The absence of detectable in vivo clearance of BALB.B splenocyte targets in the engrafting CD8β depleting antibody treated recipients was not due to non-specific effects of the depleting antibody, as 12/13 (92%) of the isotype control Rat IgG antibody treated recipients that rejected the second MHC-matched BMT cleared the BALB.B splenocyte targets in vivo ( Figure 3D and 4B ). Together, these data demonstrate that a change in immunity occurs as a result of the BMT itself, and that in the final matured immune response, CD8 + T cells but not CD4 + T cells are required as effectors mediating rejection of an MHC-matched BMT across mHA barriers in LR-PLT transfused recipients.
The existing data lead to the hypothesis that CD8 + T cells become primed to peptides derived from mHAs on transfused platelets that are crosspresented by recipient antigen presenting cells (APCs) on MHC I. To test this hypothesis, we made use of the mOVA mouse, that expresses membrane bound OVA on multiple tissues, including platelets. OT-I mice express a TCR transgene specific for a peptide from OVA (SIINFEKL) expressed on an MHC I, H-2K b , which is encoded by the H-2 b locus found in C57BL/6 mice. C57BL/6 (congenic for CD45.1) mice were adoptively transferred with CD8 + OT-I T cells that had been labeled with CFSE. Recipients were then transfused with LR-PLTs from mOVA or B6 donors. Three days after transfusion, splenocytes were harvested and division of CD8 + OT-I T cells was visualized by gating on the CD8 + OT-I population and evaluating dilution of CFSE ( Figure 4C ). Transfusion of mOVA platelets induced a robust division of OT-I T cells, which was specific to the mOVA antigen, as no division was observed in response to B6 LR-PLTs. These data suggest that mHAs on transfused LR-PLT can crossprime recipient CD8 + T cells leading to activation and division.
Neither B cells nor antibodies are required for LR-PLT transfusion induced BMT rejection
To formally test the role of antibodies, the MHC-matched BMT model was adapted to include recipients that lack B cells as a result of a genetic mutation in the µ immunoglobulin chain gene (20, 23) . In this system, C57BL/6J or µMT recipients (H-2 b ) were subjected to the LR-PLT transfusion/BMT system described above. The results from three combined experiments demonstrated that 13/17 (77%) of the µMT recipients that were transfused with BALB/c LR-PLT products rejected the BALB.B BMT ( Figure 5A ). This did not reflect an intrinsic difference in the ability of µMT to engraft, as 9/9 (100%) of the µMT recipients transfused with C57BL/6J LR-PLTs engrafted the BALB.B BMT ( Figure 5A) . Likewise, the failure to engraft the MHC-matched BMT in the BALB/c LR-PLT transfused µMT and C57BL/6J recipients was not due to insufficient conditioning of the recipients, as 7/9 (78%) and 15/15 (100%) of the naïve µMT and C57BL/6J recipients, respectively, engrafted the BALB.B BMT ( Figure 5A ). Anti-donor immunity was measured through an in vivo survival assay using BALB.B splenocyte targets and control C57BL/6J splenocyte targets as above. The results from three combined independent experiments demonstrated that 13/13 (100%) of the rejecting BALB/c LR-PLT transfused µMT recipients cleared the BALB.B splenocyte targets in vivo ( Figure 5B ). The few BALB/c LR-PLT transfused µMT recipients that engrafted the BALB.B BMT had no detectable in vivo clearance of the BALB.B splenocyte targets ( Figure 5B ). Together, these findings demonstrate that B cells are not required for rejection of an MHC-matched BMT in LR-PLT transfused recipients to occur.
Discussion
Previous findings in this model system indicated that neither antibodies nor in vivo clearance are consistently observed after LR-PLT transfusion, and yet the LR-PLT transfusion clearly results in subsequent BMT rejection (20) . These data are consistent with two separate scenarios: 1) platelet transfusion can prime an immune response, but not generate full effector function until a subsequent exposure to antigen is encountered during BMT and 2) platelet transfusion induces a full effector response but the precursor frequency is so low that it is not detected by in vivo clearance assays but it expands upon subsequent BMT rejection. The current findings demonstrate that depletion of CD4 + T cells prevents BMT rejection if performed post-transfusion/pre-BMT but has no effect upon re-transplantation after mice have undergone one BMT rejection. These data thus support the model in which the nature of immunity is altered by the BMT itself and favor model 1 in which LR-PLT transfusion primes an immune response but does not induce full effector function.
Depletion of CD8 + cells prevents rejection regardless of the time of depletion. Moreover, depletion of CD8 + cells (but not CD4 + cells) eliminates in vivo clearance of allogeneic targets. Together, these data indicate that CD8 + T cells are likely the main effector cells in this system. Identification of the molecular mechanisms of target killing by CD8 + T cells are outside the scope of the current studies, but likely mechanisms include Fas-FasL pathways, perforin-granzyme, or toxic cytokine release (e.g. IFN-γ or TNF-α). Although not required in late BMT rejection, CD4 + cells are required early on, most likely to give help to CD8 + T cells.
The proliferation of OT-I T cells in response to LR-PLT from mOVA mice suggests that mHAs on platelets are crosspresented by recipient APCs, which then activate recipient CD8+ T cells. It should be noted that while leukoreduction removes the vast majority of leukocytes, approximately 500 leukocytes remain per unit of LR-PLT (20) . Thus, it is possible that residual leukocytes are participating as a source of mHAs for crosspresentation. It is also worth noting that the mOVA mice are on an H-2 b background. Thus, although we consider it unlikely due to leukoreduction, it is possible that the proliferation of OT-I T cells is due to direct presentation by donor leukocytes. However, it is worth noting that the same level of residual leukocytes are present in human LR-PLT units and that human donor and recipients can likewise share HLA types. Thus, although we cannot unequivocally state that mHAs on transfused platelets cause recipient CD8 + T cell based immunity, the observed biology nevertheless models products to which human transfusion recipients are exposed.
The current findings reflect similar observations, albeit in the absence of transfusion induced rejection, regarding CD4 + T cell contributions in mHA-mismatched BMT rejection by studying CD4 null mice (24) . This is in some contrast to what has been observed in some viral infections, where CD8 + T cells are capable of initial differentiation into full effectors without CD4 + T cells. Such CD8 + T cells can have altered memory recall (e.g. "helpless cells"); however, they nevertheless can differentiate into cytolytic effectors early on with some control of viral infection (25) . It is unclear if the difference observed herein is due to a qualitative difference in transfused antigen (e.g. differences in innate immune activation and no activation of pattern recognition receptors) or is a quantitative difference due to being molecularly less foreign and thus constituting a smaller antigenic difference. Regardless, these findings suggest that the nature of transfusion induced alloimmunity to mHAs and their effects upon BMT may be a distinct landscape in which interventions that target helper CD4 + T cells may be efficacious if employed pre-BMT even if exposure to mHAs on transfused cells has taken place. However, after BMT, directly shutting down effector CTLs would seem to be required in the current model. At first glance, the current findings appear to contradict previous reports in which antibodies (and not T cells), are predominantly responsible for rejection of BMT induced by prior exposure to transfused cells; however, these studies used MHC-mismatched grafts and were not restricted to minor antigens (26, 27) . Crossing MHC barriers is much more immunogenic in the humoral compartment than the mHA system we are studying, suggesting that this may be responsible for the observed difference. In addition, the referenced studies infused splenocytes, where as we use LR-PLTs, which may also be responsible for the observed differences. It is worth noting that in the current system, anti-H2 d antibodies are induced by transfusion of BALB/c LR-PLTs that recognize MHC I antigens (28) . However, these antigens are not present during the BMT, as BALB.B mice are used as marrow donors to model MHC-identical/mHA-mismatched transplant. Accordingly, for antibodies to be an effector in this system they would have to recognize epitopes encoded by mHA polymorphisms on non-MHC platelet glycoproteins that resulted in new antibody epitopes. This would be analogous to the known human platelet mHAs that can induce an antibody response (HPA 1-15) (29); however, in the current model, no antibodies against mHAs are detected. The fact that no detectable antibodies to mHAs are induced by LR-PLTs in the current report does not rule out the ability of antibodies to cause rejection when they are induced. It is possible that these observations are particular to the strain combination being used, but regardless, the current studies do demonstrate as a proof of principle that even when antibodies are not induced they are not required for BMT rejection.
Because the current findings are in a murine system, testing the hypothesis in a human setting would be required prior to drawing clinical conclusions. Nevertheless, the current findings suggest that while LR-PLT transfusion primes BMT rejection, the BMT itself is a required immunizing event. Thus, despite multiple transfusions, specific targeting of CD4 + and/or CD8 + T cells prior to BMT may be of use in this population, whereas after the BMT has been given, targeting of CD8 + T cells may be more important.
Currently, the reduced intensity conditioning regimens for patients with non-malignant hematological disorders receiving an HLA-matched BMT are inadequate to prevent rejection of all transplants. The relevancy of these current findings to human medicine is the clinical implication of an alternate conditioning regimen that directly targets the CD8 + T cell vectors induced in response to LR-PLT transfusions; in particular, the development of a novel CD8 + T cell specific regimen and/or the sole administration of a high dose of antithymocyte globulin (ATG). Indeed, it has been observed clinically that the rate of HLAmatched BMT engraftment improves under a high dose of ATG in patients with nonmalignant BM failure syndromes (2, 7, 30) .
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